Introduction
Thyroxine-binding globulin (TBG)', an acidic glycoprotein of hepatic origin, is the major thyroid hormone transport protein, carrying 75% of circulating thyroxine (T4) (1) (2) (3) 1. Abbreviations used in this paper: CAP, capacity; dnTBG, denatured thyroxine-binding globulin; Fr4I, free T4 index; IEF, isoelectric focusing; nTBG, native TBG; RP-TBG, reduced and pyridylethylated TBG; T3, 3,3',5-triiodothyronine; T4, thyroxine; TBG-A, aboriginal type TBG; TBG-C, common type TBG; TBG-Quebec and TBG-Montreal, inherited variants described in detail in this paper; TBG-Gary, a heat labile variant TBG with low affinity for T4; TBG-S, isoelectric focusing variant TBG with cathodal or "slow" shift; TrT3, total reverse T3; TSH, thyrotropin; TT3, total T3.
From the first recognition of a familial TBG abnormality in 1959 (4) and until 1980, studies ofTBG in subjects with inherited TBG deficiency and excess failed to show physical or chemical changes of the molecule or alterations in the disappearance rate of labeled purified TBG given to the subjects (5-7). On this basis, it has been postulated that these X-chromosome-linked TBG abnormalities represent either mutations of a gene regulating TBG synthesis (6) or subtle structural gene mutations that indirectly affect the rate of TBG synthesis (1) . In 1981, Dick and Watson (8) reported that 40% of Australian Aborigines have low serum T4 concentration due to a variant TBG (TBG-A) with low affinity for T4. The same year, Daiger et al. (9) reported another TBG with cathodal shift on isoelectric focusing (TBG-S) in 5-10% of subjects of African or Oceanian origin. The demonstration of X-chromosome-linked inheritance of these variant TBGs with a preponderance in specific ethnic groups (9-1 1) and further studies of their properties (11) (12) (13) suggested that the structural gene of the molecule is located on the X-chromosome.
We recently described in a Caucasian family the occurrence of yet another variant TBG (TBG-Gary), which was extremely heat labile and weakly bound T4 (14) . The finding that carriers of TBG-Gary had elevated levels of denatured TBG (dnTBG) in serum, not usually encountered in association with thyroidal or nonthyroidal illnesses (15) , led us to measure dnTBG in sera from 32 unrelated families with inherited TBG deficiency. High dnTBG levels were thus found in serum samples from 2 described (I15) . In addition, the T4-binding capacity of nTBG (nTBG-CAP) was measured at saturation by the single T4 load-ion-exchange resin method (18) and the FT4I was calculated from the TT4 concentration and the resin T4 uptake ratio (19) . The titers ofthyroglobulin and thyroid microsomal antibodies were measured by the hemagglutination technique (20) . Table I gives normal ranges.
Parameters of T4 binding to TBG. The method used was essentially that previously described (13) . Serum samples were diluted with 75 mM barbital buffer (pH 8.6 ) to a concentration of -1 jg nTBG/ml (16 nM), before addition of '25I-T4 and 0.039-1.25 ng unlabeled L-T4/ml. Nonspecific binding was determined in the presence of 500 ng (640 nM) unlabeled T4. After equilibration at 0C, TBG-bound T4 was separated from free or albumin-bound T4 by ion-exchange resin beads and the association constants (K.) and maximal binding capacity were calculated by the method of Scatchard (21) . The lack of influence by other proteins in serum at these dilutions has been confirmed (13) .
Heat and acid denaturation ofnTBG. The rate of heat denaturation of nTBG was determined after measurement of the residual nTBG by RIA in serum samples incubated for various periods of time at different temperatures using a water bath with a precision of ± 0.1°C. Serum samples were first diluted in 10mM sodium phosphate (pH 7.4 buffered), and 150 mM saline phosphate-buffered saline containing 1% BSA. When incubated for > 2 h at relatively low temperatures, the samples were first sterilized by passage through a 0.45-Am Millipore filter. The tj/2 ofnTBG was calculated by the least-square analysis of the logarithm of residual nTBG concentrations and the corresponding times of incubation (10) . The effect of added T4 on the heat denaturation of nTBG was studied as previously described (15) .
Residual nTBG was measured by RIA after timed exposure ofserum samples to various pHs to determine its stability to acid. 10 MAI of serum was added to a ml of 25 mM sodium acetate buffers at pH 5.0, 4.5, 4.0, 3.75, and 3.5, followed by incubation for 40 min at room temperature. IEF. Horizontal, I-mm-thick, slab gels of 5% total acrylamide (0.125% bis-acrylamide) containing 8% glycerol and 6.7% ampholines ofpH 4.2-4.9 were used for IEF. They were polymerized in a capillary casting mold with 250 Ml of 0.1 M ammonium persulfate and 34 Ml N,N,N',N'-tetramethyl ethylenediamine/30 ml of gel solution. After applying anode fluid 3 and cathode fluid 10, gels were prefocused for 30-60 min at a constant power of 12 W. Serum samples of 8 Ml each were applied after their incubation with 10 nCi of I25I-T4, for at least I h at room temperature.
Electrodes were placed 9 cm apart and the samples were focused at constant power, starting with 8-12 W for a total of 3,500 V/h. At the end of the run, gels were immediately dried for I h at 60'C, covered with plastic wrap, and exposed to Kodak X-AR5 film with an intensifying screen for 12-24 h at -700C.
All grouped data are expressed as the mean±SD, and were analyzed by the t test (22) . Regression lines were computed by the method ofleast squares (22) . Statistical significance is defined as P < 0.05.
Results dnTBG in subjects with inherited TBG deficiency. dnTBG was measured in serum samples from at least two individuals from each of the 32 families, one hemizygous TBG-deficient male and one heterozygous female carrier. In many instances, sera from other affected family members and an unaffected relative were also examined so that a total of 91 subjects had dnTBG determinations. dnTBG was not detectable (< 2 gg/dl) in any of the serum samples from subjects with complete nTBG deficiency (< 2 gg/dl). It was within the normal range (< 2-8 ,ug/ dl) in heterozygous affected and unaffected members from the 16 families with complete deficiency and in all members of 14 of the 16 families with partial nTBG deficiency tested. Because clearly elevated dnTBG values were found in two families with partial nTBG deficiency, further studies were undertaken to analyze all available serum samples from these families and to characterize their TBG. One family was from the vicinity of Quebec (TBG-Quebec) and the other was living in Montreal (TBG-Montreal). Both families were of French Canadian extraction. As their pedigrees in Fig. 1 show, based on the degree of dnTBG elevation and nTBG depression, the inheritance appears to be X-chromosome linked.
Thyroidfunction tests. Tables I and II summarize the data for the Quebec and the Montreal family, respectively. The concentrations of nTBG (RIA or CAP), and TT4 were lowest and dnTBG highest in hemizygous affected subjects and intermediate in heterozygous carriers as compared to unaffected relatives, without overlap between individual values among these three groups. Also, mean values of TT3 and TrT3 for hemizygous affected subjects in the Quebec family were significantly lower than those of unaffected relatives. In heterozygous carriers, the mean value of TT3 and TrT3 in the Quebec family and that of TrT3 but not TT3 in the Montreal family were significantly lower than those of nonaffected relatives. Values of TBG-CAP were congruent to those measured by RIA in subjects from all groups. None ofthe subjects had a goiter and they were clinically euthyroid with levels of FT41 and TSH within the normal range and no significant differences of their mean values among the three groups. None had detectable circulating antibodies to thyroglobulin or thyroid microsomes.
Immunologic properties ofserum TBGs. Serum samples from affected hemizygous subjects ofboth families were serially diluted and tested for their ability to inhibit binding of 1251-nTBG (Fig.  2) and '251-RP-TBG (not shown) to their respective polyclonal antibodies as compared with a normal serum pool, and a standard of purified TBG preparation. No immunologic differences could be detected by this technique. These results are in agreement with the lack of discrepancies in nTBG estimated by RIA and/or CAP.
Binding affinity of the nTBG for T4. The Ka of nTBG for T4 was determined in serum from each member ofboth families and Tables I and II give Denaturation ofnTBG by heat and by acid. When sera from members ofthe Quebec family were incubated at 560C, the four samples from the hemizygous affected men lost 88-92% oftheir basal nTBG within the first 4 min (Fig. 3) . Sera from the three heterozygous affected subjects lost 15-59% of their basal nTBG within the same time period when exposed to 560C. This corresponds to 120-240 ig nTBG/dl denatured or slightly more than half the amount of nTBG denatured from serum of the hemizygous men (180-295 gg/dl). The residual 340-800 Mug nTBG/dl was degraded with a tI/2 ranging from 45 to 50 min, which is similar to that of unaffected family members (37-53 min) (Fig. 3) . Similar data were obtained in sera from members of the Montreal family, although the nTBG component with rapid heat denaturation in heterozygous carriers was smaller, representing 10-25% of their basal nTBG (Fig. 3) . The tI/2 of the residual nTBG ranged from 33 to 47 min in these sera, which was similar to that of 36-52 min in the three unaffected relatives. As shown below, -the heat labile component of nTBG in heterozygous carriers could be identified by IEF as representing the variant nTBG.
Because of the very rapid denaturation at 560C of nTBG of affected subjects from both families, the rates of nTBG denaturation were determined at different temperatures. As Fig. 4 shows, nTBG in a hemizygous affected subject (HI-1) from TBGQuebec was less heat labile by -20C as compared with TBGMontreal. However, in comparison to TBG-C, TBG-Quebec, and TBG-Montreal were more labile by 100 and 12°C, respectively. Their temperature lability was further compared with other variant TBGs, showing that TBG-Quebec was less labile by -5°C than the variant TBG-Gary (14) and more labile than TBG-A by 8°C and TBG-S by 9°C (Fig. 4) .
When sera were incubated at 37°C, no denaturation could be demonstrated in TBG-C or TBG-A over a period of 6 d, while TBG-Quebec (II-6) and TBG-Montreal (III-1) were denatured with a t/2 of 3.6 and 2.9 d, respectively (Fig. 5) . Addition ofexcess T4 (18 ,ug/Ag TBG) to serum samples from hemizygous affected subjects from both families partially protected the heat denaturation of their nTBG at 56°C (Fig. 6) . Fig. 7 shows the effect ofacid treatment on the denaturation ofnTBG. As in the case ofheat, TBG-Montreal (III-1) was more susceptible to denaturation than TBG-Quebec (hemizygous affected). However, at pHs lower than 4.5, the latter appeared to be relatively more stable than TBG-C. This behavior of TBGQuebec was observed in all four hemizygous affected subjects of the family.
The defective nTBG from both families lost by in vitro heat Fig. 8 , when comparing IEFs of serum samples before and after exposure for 5 min to 560C, which allows the preferential denaturation of the variant TBG. It not only proves that heterozygous carriers have both the variant and common type TBG, but that the heat lability is an inherent property ofthe TBG molecule rather than the effect ofextraneous serum factors.
Discussion
As is the case with other known forms of inherited TBG abnormalities or variants (1, 2, 7, 9-13), the TBG defects herein rIM~I -2JW In 3O Figure 3 . Rates of nTBG denaturation at 560C. Appropriately diluted serum samples from all members of Quebec (a) and Montreal (b) families were exposed to 560C for various times followed by measurement of nTBG by RIA. Note the rapid denaturation of nTBG in affected men (C) as compared with the unaffected relatives (A), and the two components of the heat inactivation 1 2 curves in affected, heterozygous women 12 20 (B). Individual subjects are identified as IE (min) in Fig. 1 . described appear to be transmitted in an X-chromosome-linked fashion. Indeed, in both families, the lowest nTBG levels and highest dnTBG levels were found in the five affected men while values in the six affected women were intermediate to those of affected men and unaffected relatives with no overlap of individual values between these three groups. Evidence that all affected men were hemizygous, while affected women were heterozygous was obtained from data on heat denaturation and IEF ofnTBG. Serum samples from all affected women contained both the abnormal TBG and normal TBG-C. In contrast, affected men had exclusively either the abnormal TBG or TBG-C. In agreement with random X-chromosome inactivation, sera from heterozygous affected women had approximately one-half the concentration of the variant TBG found in affected men and one-half the amount of TBG-C found in unaffected subjects. Data on the inheritance pattern is limited by the paucity ofprogeny from affected men. However, the one affected man (11-6) from the Quebec family had an unaffected son (111-7) and an affected heterozygous daughter (111-8), a finding compatible with of X-chromosome-linked inheritance.
Results ofthyroid function tests and nTBG and dnTBG values were similar in both families. The abnormal nTBGs from both families had comparable reduction ofaffinity for T4. Also, the abnormal nTBGs and dnTBG of the two families were immunologically indistinguishable when competed respectively, Heat lability and IEF patterns were also compared in the same determination using a serum sample from each TBG variant (Figs. 4 and 8) .
* Temperature at which 50% denaturation of the variant nTBG occurs in -7 min. I Sign preceding value refers to cathodal (-) or anodal (+) shift 1 NL, normal or same as TBG-C when range but not precise mean value was available. 'Estimated, because accurate Scatchard plots could not be obtained due to marked reduction of T4-binding and TBG concentration.
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